The objective of this study was to quantify effects of maternal protein nutrition on N accretion or loss in conceptus and maternal tissues of ewes during late pregnancy. Ewes, pregnant with twins, were fed low (LP, 79 g CP/kg DM), medium (MP, 116 g CP/kg DM), or high (HP, 157 g CP/kg DM) protein diets, each with an estimated ME concentration of 2. slaughter, before proximate analysis of these components. Whole-body N retention was directly and linearly related to N intake, but efficiency of deposition of apparently absorbed N decreased linearly with increasing N intake (LP, .79; MP, .70; HP, .62). Nitrogen accretion in the gravid uterus, maternal viscera, and mammary gland was significantly less in LP than in MP or HP ewes. Nitrogen balance in maternal carcass tissues was linearly related to N intake, ranging from a negative value in LP ewes to a positive value in HP ewes (LP, −63 g; MP −39 g; HP, 55 g). These data provide the basis for estimating N requirements for protein accretion in the conceptus and in maternal tissues during late pregnancy. They also highlight the capacity of maternal carcass tissues to mobilize or deposit amino acids in response to variations in dietary protein supply.
Introduction
Measurement of N accretion in the gravid uterus and nonuterine maternal tissues during late pregnancy provides the basis for estimation of net protein requirements of pregnant animals. Current feeding standards for pregnant sheep are based on the requirements for growth of the gravid uterus and wool, with the implication that if these are met, protein flux in nonuterine tissues will be static (ARC, 1980; NRC, 1985; CSIRO, 1990) . However, this ignores the possible importance of maternal tissue protein as a reservoir of mobilizable amino acids available to meet the increased nitrogen requirement of early lactation (Swick and Benevenga, 1977; Robinson 1986; Pine et al., 1994) , the development of the mammary gland, and a likely increase in protein requirement for the hypertrophy of visceral tissues, including gut and liver, in late pregnancy (Fell et al., 1972; Robinson et al., 1978) . Therefore, the present study was designed to determine the response of N accretion in maternal tissues and the gravid uterus to various levels of protein intake in late pregnancy. In addition to defining the capacity for anabolic responses to higher levels of dietary protein, we sought to define the capacity for tissue protein mobilization in ewes fed suboptimal protein levels.
Materials and Methods
Animals and Dietary Treatments. Thirty-two multiparous Dorset ewes, each bred to a Dorset ram on a known date and carrying twins, were used. All ewes were fed the same diet (2.7 Mcal ME, 120 g CP/kg DM) from d 80 to 110 of pregnancy. At this time, mean live weight and body condition score (5-point scale, from 1 = emaciated to 5 = obese) were 62.4 ± 1.1 kg and 3.3 ± .1, respectively. Eight ewes (baseline group) were slaughtered, and the remaining 24 ewes were allocated in groups of eight to one of three dietary treatments: low protein ( LP) , medium protein ( MP) , and high protein ( HP) , compositions of which are described in Table 1 . Dietary protein sources and CP levels varied among diets; most notably, the HP diet included 70 g/kg DM of fishmeal. These diets were fed twice daily to ewes housed individually in metabolism crates, from d 111 to 140 of pregnancy when ewes were slaughtered. All procedures were performed with the approval of the Cornell University Institutional Animal Care and Use Committee. Each diet was formulated to satisfy estimated requirements for energy, assuming twin fetuses with a combined birth weight of 8 kg (CSIRO, 1990) . Amounts fed varied with diet according to the expected effects of protein intake on protein deposition or loss and the associated energy costs of these processes ( Table 2 ). The protein intake of the HP ewes was estimated to be sufficient for the deposition of 5.25 g/d of maternal N in late pregnancy (equivalent to a total gain of 1,000 g of maternal protein). The associated energy cost was estimated to be .48 Mcal of ME/d based on the assumption that ME is converted to protein energy with an efficiency of .4 and that the energy content of tissue protein is 5.64 Mcal/ kg (CSIRO, 1990) . The LP ewes were fed, on average, .48 Mcal of ME/d less than the MP ewes, on the basis of their predicted reduction in protein deposition.
Ewes were weighed and the condition score recorded weekly, and blood was sampled (jugular venipuncture) thrice weekly for measurement of plasma concentrations of glucose, NEFA and urea N ( PUN) .
Nitrogen Balance and Dry Matter Digestibility.
Between d 120 and 130 of pregnancy, feces and urine were separately collected twice daily for measurement of apparent digestibility of DM and N, N balance, and the efficiency of utilization of apparently absorbed N. Bulk samples of dried feces and liquid urine were analyzed with the macro-Kjeldahl procedure (AOAC, 1990) . Efficiency of utilization of absorbed N was calculated using the formula
where EFN = endogenous fecal nitrogen and EUN = endogenous urinary nitrogen. Both these values were calculated as described by CSIRO (1990) . Urine was collected by gluing a rubber funnel over the vulva of the ewe and connecting this, via a length of 12-mm diameter flexible plastic tubing, to a collection vessel. The "funnel" was fashioned from a rubber glove with a felt flange sewn around the opening to improve the glued seal between the ewe and funnel. All but one of the fingers of the glove were permanently folded around; the remaining finger was cut at the end and attached to the tubing.
Slaughter and Proximate Analysis. At 110 d of pregnancy and immediately before slaughter at 140 d, ewes were shorn to a fleece depth of 5 mm. Wool growth between d 110 and 140 was estimated by difference in total fleece weights at these times. Ewes were slaughtered by captive bolt pistol and exsanguination 1 to 2 h after the morning feeding. Blood was collected, weighed, and added to maternal tissue weights. At slaughter, the gravid uterus was quickly removed, weighed, and dissected into its major components (fetuses, placentae, fetal membranes including umbilical blood vessels, uterine tissue, fluids). Fetuses were immediately killed by cardiac injection of euthanasia solution (Beuthanasia, Schering Corp., Kenilworth, NJ). After removal of chorioallantoic membranes, the placentomes were excised from the endometrial surface, weighed, and counted. Aggregate weight of placentomes was defined as placental weight. The combined weight of amniotic and allantoic fluids was calculated as the difference between the total weight of the gravid uterus and the total weight of its solid tissue components. Maternal viscera were removed, and the liver, kidneys, spleen, pancreas, bladder, and the heartlung-trachea were weighed. The large intestine followed by the small intestine were unravelled, and all visible fat was removed from intestines and the stomachs (i.e., rumen, reticulum, omasum, abomasum). The small intestine was removed from the abomasum at the duodenal sphincter and from the large intestine at the ileocecal junction. Full and empty weights were separately recorded for the small intestine, large intestine, and the combination of the stomachs. The fat from the intestines and stomachs, the kidneys and channel fat, and the fat trimmed from the mammary gland were combined and weighed as internal fat. All the components of the empty digestive tract, plus the blood, liver, kidneys, spleen, pancreas, bladder, and the heart-lung-trachea, were bulked before being weighed as "organs."
Separate uterine components, combined maternal viscera including blood (organs), mammary gland, and the maternal carcass (including fleece-free hide, head, and legs) were ground and subsampled. Soft tissues were ground with a food chopper (model 8181D, Hobart Corp., Troy, OH). The carcass was dismembered, ground in a large grinder (model 801B, Autio Co., Astoria, OR) with a 9-mm end-plate screen, mixed, and reground using the same screen. It was then reground twice more in a grinder (model 4432, Hobart) with a 3-mm end-plate screen before samples were collected. Tissue dry matters were determined immediately by drying to constant weight in an oven at 80°C. Proximate analysis was performed on freezedried samples of each tissue after further homogenization with liquid N 2 in a metal blender (Waring Products Division, Dynamic Corp. of America, New Hartford, CT). Nitrogen content was determined with the macro-Kjeldahl procedure (AOAC, 1990), chemical fat as the loss in weight after extraction with ether using a soxhlet apparatus, ash as the residue left after the destruction of organic matter in a furnace, and energy via bomb calorimetry, as described by Bell et al. (1995) .
Plasma Metabolites. Plasma glucose concentration
was measured with the glucose oxidase method (kit 510-A, Sigma Chemical, St. Louis, MO). Plasma NEFA concentration was determined with an enzymatic kit based on coupled reactions of NEFA with acyl CoA synthetase and acyl CoA oxidase (NEFA-C kit, WAKO Chemicals USA, Dallas, TX), as modified by Sechen et al. (1990) . Plasma urea N was measured with the urease method (kit 640, Sigma Chemical).
Statistics. Differences in the weight of N (including wool and uterine fluids), fat, water, ash, and energy in the maternal nonuterine tissues and gravid uterine tissues between the baseline, LP, MP, and HP groups were compared with one-way ANOVA, and differences between means were determined with LSD tests. 
Results
Feed Intake and Dry Matter Digestibility. Actual intakes of DM and CP were similar to those predicted ( Table 2) . Intakes of ME, estimated from in vivo DM digestibilities (CSIRO, 1990) , were consistently approximately .5 Mcal/d less than predicted.
Live Weight Gain and Tissue Fresh Weights. Live weight gain between d 110 and 140 was less ( P < .05) and the decline in condition score greater ( P < .05) in LP vs MP and HP ewes (Table 3) . However, these differences were not reflected in the factorial comparison of live weights at slaughter for the LP, MP, and HP groups or of the fresh weights of some of the larger tissue groupings such as carcass, organ, and gravid uterus weights, for which there was no effect of protein intake (Table 4) . Nevertheless, differences among some individual maternal tissues and gravid uterine components were apparent (Table 4) . The mammary glands, livers, and kidneys of LP ewes were lighter than those of MP and(or) HP ewes ( P < .05). Combined fetal weights of LP ewes were 11 and 14% less than those of MP and HP ewes, respectively ( P < .05), and uterine tissues were lighter in LP than in HP ewes ( P < .05).
Tissue Nitrogen. Crude protein intake had a significant positive effect on N retention as determined by collection of urine and feces between d 120 and 130; a quantitatively similar, nonsignificant trend was revealed by comparative slaughter between d 110 and 140 (Table 5 ). There was an apparently linear decline with increasing protein intake in the estimated efficiency with which apparently absorbed protein was used for tissue N accretion. Nitrogen retention in the gravid uterus and maternal tissues increased in apparently linear fashion with protein intake (Figure 1 ). This effect was more pronounced in maternal tissues, with mean values ranging from −11 g in the LP ewes to +127 g in the HP ewes. Nevertheless, uterine N accretion was significantly reduced in the LP ewes. Regression of N deposited on N ingested indicated that N was deposited at rates of .064 g in the gravid uterus and .227 g in the maternal tissue per gram of N ingested.
The response in N retention of the fetuses and uterine tissues (endometrium plus myometrium) paralleled that observed in the whole gravid uterus; no response to CP intake was evident in the placentae or fetal membranes (Figure 2 ).
More detailed examination of the distribution of N accretion among major maternal tissues showed that the increase in MP vs LP ewes was confined to the visceral organs and mammary gland; there was no further increase in N accretion in these organs with the HP treatment (Figure 3) . In contrast, mean N accretion in the carcass was negative in LP and MP ewes and responded positively only to the HP diet. Nitrogen retention in wool was unaffected by dietary protein intake.
Tissue Water, Ash, Fat, and Energy. Water and ash contents of individual maternal and gravid uterine tissues tended to parallel N contents, with the exceptions of the water content of the maternal organs and the ash contents of the maternal carcass and the fetus (Tables 6 and 7) . Organ content of these components increased over the range of treatments in response to dietary protein, contrasting with organ N, which increased from LP to MP but reached a plateau from MP to HP. Carcass and fetus ash contents were similar across protein treatments, despite the increased N content of the HP carcasses relative to the LP and MP carcasses. Fat content of carcass and organ tissues, which contained the major proportion of maternal fat, were similar in the LP, MP, and HP groups at 140 d despite the observed effects of protein intake on the N contents of these tissues (Table 6 ). The mammary gland was the only maternal tissue in which fat varied with diet; the response was similar to that found for N. Similarly, for the gravid uterine tissues, fat contents tended to parallel treatment differences in weights of N (Table 8) . Patterns of tissue energy content were similar to those of fat (Tables 6 and 7) .
Plasma Metabolites. Plasma concentrations of glucose, NEFA, and PUN were generally unaffected by time after wk 1 of the treatment period. Therefore, overall mean values for each treatment are shown in Table 8 . Glucose and NEFA values were similar in LP and MP ewes, but NEFA concentration was reduced ( P < .05) and glucose concentration tended to be greater ( P < .10) in HP ewes than in the other two groups. Plasma urea N concentrations were directly related to protein intake ( P < .05).
Discussion
The MP diet, which contained approximately 120 g/ kg CP, supplied approximately 2 g CP/kg live weight when fed in amounts sufficient to meet predicted energy requirements. This allowed maintenance of maternal live weight minus the gravid uterus, consistent with a small positive N balance in the nonuterine tissues of these ewes over the experimental period. Interestingly, the overall N retention in maternal tissues disguised a substantial net loss in carcass N that was more than compensated for by retention of N in the visceral organs and mammary gland. The priority of mammary growth and N accretion over that in the carcass tissues during late pregnancy was also observed by Robinson et al. (1978) , who fed ewes pregnant with twins a diet (130 g/kg CP, 2.87 Mcal ME/d) similar to the present MP diet. This priority Figure 3. Nitrogen accretion between d 110 and 140 of pregnancy in maternal tissue components of ewes fed low (LP), medium (MP), or high protein (HP) diet during late pregnancy. Histograms are means for eight ewes. Pooled SE were 34.3 g for carcass, 13.5 g for organs, 7.0 g for mammary gland, and 1.4 g for wool.
Within tissue components, means lacking a common letter are different (P < .05).
additionally extends to the visceral organs, which, in aggregate, significantly gained nitrogen, water, and ash in late pregnancy. However, neither mammary nor internal organ growth responded to increased CP intake beyond that provided by the MP diet.
Our results indicate that the carcass tissues are the major source of mobilized N in ewes fed below predicted CP requirements and the site of increased N accretion in ewes fed above predicted requirements. The visceral organs and the mammary gland also suffered decreased N accretion in the LP compared with the MP ewes. Nevertheless, it is clear that most of the so-called "labile protein reserve" is located in the carcass tissues, the most important component of which is presumably skeletal muscle, and that the net flux of amino acids to and from these tissues is sensitive to protein nutrition in late pregnancy (Swick and Benevenga, 1977; MacRae, 1989) . Although N accretion in the whole gravid uterus was significantly reduced in the LP ewes, mostly due to a reduction in fetal N retention, the magnitude of this response was relatively small and apparently buffered by the mobilization of N from maternal tissues. There was no further increase in N accretion of fetuses or gravid uterus in the HP compared with the MP ewes, consistent with the curvilinear pattern of response of lamb birth weight to maternal CP intake during late pregnancy observed by Robinson and Forbes (1968) . Possibly, the availability of amino acid N was in excess of the ability of the placenta to transfer it to the fetus, effectively repartitioning more N to maternal tissues. Alternatively, fetal growth and associated demand for amino acids may have been limited by other factors, such as glucose supply (Bell, 1993) . Carried over into early lactation, the value of a labile store of carcass protein for supporting milk synthesis and hepatic gluconeogenesis is potentially high. If carcass protein were mobilized during early lactation at a rate similar to that observed in our LP ewes (15 g/d), it could supply approximately 14% of the total protein requirements for lactation (based on an efficiency of use for milk synthesis of .7 and a milk yield of 1.5 kg/d containing 49 g/kg protein). The rate of mobilization could be even higher. Robinson (1986) reviewed studies on lactating ewes in which losses of body protein as high as 30 g/d were observed. Part of the increased protein demand may be driven by temporary inadequacy of the exogenous supply of substrates for hepatic gluconeogenesis during early lactation (see review by Bell, 1995) .
Results show that by manipulating the CP and energy contents of the diet it is possible to alter N accretion in late pregnancy independently of fat accretion. Even though there was a tendency for all treatment groups to lose fat in late pregnancy, rates of mobilization were similar and no significant differences in weights of maternal fat were apparent at d 140, despite significant differences in maternal N. Rattray et al. (1980) also found that it is possible for ewes to accrete protein in their empty bodies during late pregnancy while simultaneously mobilizing body fat. This raises intriguing questions about the regulation of fat mobilization during late pregnancy. Present data are consistent with those of Petterson et al. (1994) , who observed that plasma concentrations of NEFA and glycerol were moderately elevated even in well-fed, late-pregnant ewes. This was ascribed at least partly to development of resistance to the antilipolytic effect of insulin.
A regression of the change in energy accreted as protein on the change in extra energy ingested indicates that ME above maintenance was used for maternal protein accretion with an efficiency of .156. This value is similar to that (.12) determined by Rattray et al. (1974) for growing or mature sheep but is substantially lower than values of .4 and greater obtained in other studies, mostly of growing nonruminant animals (CSIRO, 1990). Our relatively low value for late-pregnant ewes is consistent with active protein turnover in maternal carcass tissues and with small differences between fractional rates of protein synthesis and degradation accounting for net fluxes of tissue N.
We estimated a value of .7 for the efficiency with which nitrogen apparently absorbed from the small intestine is used for tissue accretion in ewes fed to maintain maternal tissue N. This value is identical to that adopted for tissue N accretion in sheep and dairy cattle (NRC, 1985 (NRC, , 1989 CSIRO, 1990) . However, there are no previously published values for situations in which ewes are losing or gaining N in nonuterine tissues. Present results encompass both situations, and efficiency was inversely related to CP intake, ranging from approximately .8 in the LP ewes to approximately .6 in the HP ewes. The greater efficiency of the ewes fed the LP diet is presumably related to more efficient recycling of urea and possibly reduced hepatic catabolism of amino acids. It is particularly likely that ewes fed the HP diet were deaminating a significant proportion of absorbed amino acids. These interpretations are consistent with the observed treatment effects on PUN concentration (HP > MP > LP).
Implications
Data from this comparative slaughter study provide a basis for more precise determination of protein feeding standards for highly productive ewes during late pregnancy, in terms of conceptus growth and maternal tissue deposition. They also draw attention to the plasticity of maternal tissue N reserves during late pregnancy, independent of changes in fat accretion, with implications for not only pregnancy outcome but also subsequent lactation performance in sheep and other animals. These results from a controlled study of housed ewes should be extrapolated cautiously to range conditions. However, the protein content of the inadequate low protein diet was within the range of values seen in extensively managed pastures.
